The adsorption by different silicate minerals of some heavy metals, present in industrial waste water, has been studied. These adsorbents (mainly clay minerals) are readily available, inexpensive materials and offer a cost-effective alternative to conventional treatment of wastes from the metal finishing industry. The results show that some mineral species are suitable for the purification of such residual waters down to the limits prescribed by current legislation concerning industrial wastes. The Langmuir model was found to describe such adsorption processes best. Sepiolite (Orera, Spain) has an adsorption capacity of 8.26 mg g 1 for Cd 2+, the capacities depending on the metal adsorbed in the order: Cd 2 § > Cu 2 § > Zn 2 § > Ni 2+. This mineral shows the highest sorption capacity relative to the other minerals studied. Factors in the reaction medium such as pH and ionic strength influenced the adsorption process.
Heavy metals are a notable source of pollution both in the aquatic and soil environments. To a large extent, their presence derives from industrial waste water effluents. Many industrial activities are involved in such pollution, and in Spain the main source is the metal finishing sector. Many companies have no apparent economic or technical capacity to deal with the problems inherent in the discharge of waste waters containing different metals, mainly Zn, Cr, Cu, Ni and sometimes, Cd. Such waste waters generally contain relatively low concentrations of metals, ranging from tens to hundreds of ppm. Heavy metal removal from water is usually performed by the addition of a base to precipitate hydroxides. However, due to the complexation with inorganic and organic ligands of the water, the final dissolved concentrations are above those expected according to the thermodynamic solubility products of the precipitates; such concentrations do not attain the limit of pollutants required by law (De Boodt, 1991) .
Owing to their adsorption capacity, aluminosilicate and oxide minerals are capable of removing many metals over a wider pH range and to much lower dissolved levels than precipitation. Therefore, one promising option is the use of regionally available low-cost materials that may offer a solution to purify industrial wastewaters. It is well known that some clays are able to strongly adsorb organic compounds and many studies have been carried out to assess their industrial, environmental and pharmaceutical, etc. applications (Mortland et al., 1986; Barrer, 1989; Zhang & Sparks, 1993; Lo et al., 1997) . In addition, several studies on soil chemistry have demonstrated the ability of soil clays and oxides to selectively adsorb metal cations (Christensen, 1984; Zhu & Alva, 1993; Carey et al., 1996) . Extensive research has assessed the metal adsorption characteristics of natural or modified clays and oxides (Fu et al., 1991; Stockmeyer & Kruse, 1991; Mancean et al., 1992; Paulus et al., 1992; Theis et al., 1992; Smith et al., 1996) and different mechanisms of sorption on minerals have been proposed, including outer-sphere complexes, inner-sphere complexes and multi-nuclear surface complexes (O'Day et al., 1994; Scheidegger et al., 1996) . In addition, several surface complexation models have been developed to describe and to predict the adsorption on oxyhydroxides (Agashe & Regalbuto, 1997; Wen et al., 1998) . However, in spite of this large amount of work and the promising results for heavy metal sorption capacity of some minerals, actual environmental applications have been extremely limited (Mercier & Detellier, 1991) . The aim of the present work was to explore the possibility of using different clay minerals to retain heavy metals commonly present in industrial waste water and hence purify such water. To do so, the adsorption capacity of some silicate minerals was measured for certain heavy metals and the influence of some factors of the reaction medium in the adsorption process was determined.
MATERIALS AND METHODS

Adsorbents'
The adsorbent materials chosen for the present work were those most readily available on today's market for industrial minerals in Spain: sepiolite (Orera, Zaragoza), sepiolite (Vallecas, Madrid), palygorskite (Bercimuelle, Segovia), palygorskite (Torrejdn el Rubio, Cficeres), bentonite (Sierra de Gata, Almeria), kaolin (Maceda, Orense), illite (Arifio, Teruel) and perlite.
All these materials were used at a particle size <100 gm. 
Chemicals'
The metal ions studied were Zn 2+, Cd 2+, Cu 2+ and Ni 2+. Solutions for batch tests with concentrations ranging between 0 and 100 mg 1-1 were prepared with ultrapure water (Milli-Q/Milli-RO, Millipore) from standard solutions of 1000+2 mg 1 1 (Panreac, Spain) and were adjusted to pH -4 using 0.1 N HNO3 and 0.1 y NaOH. The effect of the pH (4-6) on the adsorption process was studied.
Characterization of clays
The clays were characterized by X-ray diffraction (XRD) ( Table 1) ; semi-quantitative analyses were based on diffractometer traces of unoriented powder samples using the methods employed by Schultz (1965) and by Islam & Lotse (1986) . The specific surface area was determined using the single point BET N 2 adsorption method, although for the bentonite sample this method only determines the ~" Semi-quantitative analysis outer surface, because it is not possible to measure the interlayer surface. The cation exchange capacity (CEC) was determined by the ammonium acetate method (Tan, 1995) , (Table 2) .
Batch adsorption studies
All adsorption studies were carried out in centrifuge tubes by subjecting a given dose of adsorbent to a period of shaking with 25 ml of solution on a vertical rotary shaker (50 turns min 1) in a chamber set at 22~
The adsorbent was separated using a centrifugation step (4000 rpm) over 30 rain. Metal concentrations in the supernatant were determined with a VARIAN AA-1475 Atomic Absorption Spectrophotometer. All assays were carried out in triplicate and only mean values are presented. The comparative study of Zn adsorption capacity on the different minerals was performed with the following conditions: adsorbent dose: 5 g 1-1, initial concentration of Zn2+: 50 mg 1-1, maximum shaking time: 2 h.
To obtain the adsorption isotherms, solutions with metal concentrations ranging between 0 and 100 mg 1 1 were used with the adsorbent at 10 g 1 1. The shaking time was 3 h.
The effect of dose of adsorbent was studied using doses of adsorbent ranging between 0 and 15 g 1-1 for Zn 2 § Cd 2+ and Cu 2 § and between 0 and 20 g 1 1 for Ni 2 § The conditions wereinitial metal concentration: 50 mg 1 1, and shaking time: 2 h.
Conditions for studying the effect of particle size of the adsorbent on the adsorption of the Cd 2+ cation were -adsorbent dose: 5 g 1-1, initial concentration of Cd2+: 50 mg 1 1, shaking time: 2h.
The pH ranges studied were from 4 6 for Zn 2+, Cd 2+ and Ni 2+ and from 4 5 for Cu 2+. The conditions were: adsorbent dose: 5 g 1 -/, initial cation concentration: 50 mg 1 1, shaking time: 2 h. The pH ranges of adsorption were measured at the beginning of the adsorption process. The effect of ionic strength on the retention of the Cd 2+ ion was studied by varying the concentration of KNO3 from 0 to 0.10moll -1. The conditions were dose of adsorbent: 5 g 1-1, initial concentration of Cd2+: 50 mg 1 -1; and shaking time: 2 h.
RESULTS
AND DISCUSSION
tlehaviour of the different adsorbents
The results (Fig. 1) show that the adsorption capacity of the different types of clay for Zn 2+ follows the order: sepiolite (Orera) > sepiolite (Vallecas) > bentonite > palygorskite (Bercimuelle) > illite > kaolin ~ palygorskite (ToITejdn) > perlite.
Adsorption isotherms
The isotherms for sepiolite (Orera) are shown in Fig. 2 . The initial slope of the isotherms shows that the affinity of the adsorbent for the Ni 2+ ion is clearly lower than that observed for the other ions.
According to the classification of Giles et al. (1960) , the isotherm for Cu 2+ is of the H type while those for Zn 2+, Cd 2+ and Ni 2+ are of the L type. That is, the adsorbent initially has such a strong affinity for Cu 2+ that the cation is almost completely adsorbed in the dilute solutions. By contrast, as the sites in the adsorbent become occupied, it becomes increasingly more difficult for the metals to find empty spaces in the adsorbent.
The adsorption data were fitted to the Freundlich equation
and the BET equation
where X/M is the amount of solute retained per unit weight of the adsorbent, C is the equilibrium concentration of solute remaining in the solution, K (Freundlich) is a measure of the adsorption capacity for a concentration C equal to 1, and 1/n is a measure of the intensity of adsorption, or the degree of dependence of adsorption on concentration. The latter parameter varies between 0.1 and 1. For the case of 1/n = 1, the constant becomes equal to the distribution coefficient Kd. The parameter b represents the maximum amount that can be adsorbed; K (Langmuir) is the equilibrium constant, Co is the maximum concentration of solute that can exist in solution before precipitation can occur, Xm is the monolayer capacity of solute and K (BET) is The experimental data were used to obtain the characteristic parameters of each equation and the degree of correlation of the data with respect to the theoretical equation (Table 3) .
It may be seen that the Langmuir model best describes the adsorption of all the cations studied FIo. 2. Adsorption isotherms of sepiolite (Orera). The conditions were -adsorbent dose: 10 g 1 1; metal concentrations: 0-100 mg 1 1; shaking time: 3 h; pH: 4; and temperature: 22~ because the fit is excellent, although the BET model also provides an excellent fit. The fit of the data to the Freundlich equation is not as good, but improves when the curves are resolved into two linear portions. The two portions of the curve can be considered separately because the lower points have a different slope from the upper points. This suggests two adsorption sites with different bonding energies (Taylor et al., 1995) .
Sorption of heavy metals
The retention of the metal cations follows a sequence of Cd 2+ > Cu 2+ > Zn 2+ > Ni 2+. This relative order is related to the radii of the hydrated cations and the valency (Cd 2+ < Zn 2+ < Cu 2+ < Ni 2+) by penetrating the interlamellar spacings (Farrah et al., 1980) ; Zn 2+ and Cu 2+ exchange their expected positions in the sequence, and this could be due to the pK values of hydroxy complexes: the hydroxy complex concentration is higher for Cu 2+ than for the Zn 2+, favouring the adsorption of Cu 2+ on the surface (Mskay & Calvert, 1990) .
Of the different adsorbents reported in the literature, some soils (Cunha et al., 1993) , some clays (Das & Bandyopadhyay, 1991) and a peat (Viraraghavan & Kappor, 1995) have a much lower adsorption capacity for heavy metals than sepiolite (Orera). On the other hand, BRS (Biogas Residual Slurry) (Namasivayan & Yamuna, 1995) has similar values; waste tea leaves (Tee & Khan, 1988 ) have higher adsorption capacity, and a sepiolite from Poland (Helios-Rybicka, 1985) is clearly a weaker adsorbent than the sepiolite used in this work.
Effect of concentration of adsorbent
At least 90% of the metal may be retained with a dose of adsorbent of 10 g 1 1 for Zn 2+, Cd 2+ and Cu 2+ (Fig. 3) . However, an increase in the amount of the dose of adsorbent from 15 to 20 g 1-1 did not increase the percentage of the metal retained to any great extent. Accordingly, an adsorbent dose of 10 g 1 1 may be considered suitable for the purposes of this work.
In the case of Ni 2+, <50% of the cation was retained with an adsorbent dose of 20 g 1 ~. It may therefore be inferred that this adsorbent is not the most appropiate for the retention of Ni 2+, at least under the working conditions employed. It would, however, be possible to achieve a suitable adsorption of Ni 2+ by using three consecutive periods of interaction with three adsorbent doses of 10 g 1-1. 
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Effect of adsorbent particle size
As the particle size of sepiolite (Orera) decreases, adsorption increases (Table 4 ). This can be explained in terms of the active surface area of the adsorbent and the probability of solid-solution interaction. With the increase in particle size, a longer interaction time would become necessary to obtain similar results, since diffusion must occur through the aggregates. 
Effect of pH
In all cases, an increase in adsorption on sepiolie (Orera) is seen with the increase in pH (Fig. 4) . The increase in adsorption is probably due to cation hydrolysis, since hydroxy complexes are adsorbed preferentially over uncomplexed cations (Brummer, 1986) , or to the increase in the negative surface charge of the adsorbent related to the increase in the concentration of hydroxyl ions, leading to an increase in attraction for cations in solution (Lai et al., 1995) .
Efject of ionic strength
A slight decrease is seen in the adsorption of Cd 2+ on sepiolite (Orera) as the concentration of KNO3 is raised (Fig. 5) . The presence of KNO3 as an additional electrolyte in the system will give rise to competition between the K + and the Cd z+ for the adsorption sites, mainly for those corresponding to non-specific adsorption (McBride, 1991) . The CEC (non-specific adsorption) of sepiolite (Orera) represents a very small proportion of the overall adsorption capacity. Accordingly, the decrease in the adsorption capacity is very small. (Bercimuelle) > illite > kaolin ~ palygorskite (Torrej6n) > perlite. The clays with the greatest specific surface area (Orera sepiolite and Vallecas sepiolite) and clays with the greatest CEC (bentonite) show the strongest adsorption capacity for Zn 2+. Therefore, all subsequent studies were performed with the sepiolite (Orera) which may be used as a low-cost adsorbent for the effective retention of Zn z+, Cd 2+ and Cu 2+ and, to a lesser extent, of Ni 2+. The retention of the metal cations follows the sequence: Cd z+ > Cu 2+ > Zn 2+ > Ni 2+. The fit of the adsorption data shows that the Langmuir equation is the best one to describe the adsorption process of Zn 2+, Cd 2+, Cu 2+ and Ni 2+ onto sepiolite (Orera).
The dose of adsorbent (Orera sepiolite) of 10 g 1-1 can be considered a suitable dose for the retention of Zn 2+, Cd 2+ and Cu 2+ for initial concentrations of 50 mg 1-1 and pH = 4. The adsorption by sepiolite (Orera) of the four metal ions depends on the pH, increasing with the increase in pH. The adsorption of Cd 2+ by sepiolite (Orera) depends on the ionic strength, decreasing slightly with the increase in ionic strength. The particle size of the adsorbent (Orera sepiolite) affects adsorption. As particle size decreases, adsorption increases.
In addition, several other considerations require further inquiry to establish Orera sepiolite as an effective sorbent in wastewater e.g. influence of the complexing ligand used in the finishing industry processes and ultimate non-hazardous disposal of the spent sorbent.
